In the paper, the physical observables for D → V (ω, ρ, K * ) + ν semileptonic decays are investigated thoroughly with the SSE extrapolated HFFs, which are calculated within the framework of QCD LCSR and up to twist-4. For the decay width parts, we find that 1/|V cq | 2 × Γ L,T,total (D → V + ν ) decrease with the increase of final meson mass, * Corresponding author † Electronic address: chengwei@itp.ac.cn arXiv:2003.07626v2 [hep-ph] 
and the absolute change number of the transverse and longitudinal are almost the same.
The transverse differential decay width dominates in the small q 2 region, while the longitudinal differential decay width dominates in the large q 2 region, and the dominant alternate point is near the midpoint of the whole physically feasible region. We then −0.796 , 5.242 +0.838 −0.787 × 10 −2 for K * meson channel. All those branching fraction results are lower compared to other theories, but fits well with BES-III predictions within errors. For the polarization parts, we study in detail the q 2 dependence of longitudinal and transverse polarizations fractions of the charged lepton and the vector meson in the final state, i.e. P L,T and F L,T , the forward-backward asymmetry A FB and the lepton-side convexity parameters C F . In the small q 2 region, all those polarization observations have a singularity due to the δ factor, expect for F L,T . With the increase of q 2 , all polarization values tend to be more stable, thus the polarization dependence on q 2 is smaller.
Our predictions for their corresponding average values have agreement with the theoretical group for Covariant Confining Quark Model results within the errors. 
I. INTRODUCTION
Semileptonic D → V + ν decays are the significant component for a comprehensive understanding of the particle standard model (SM) in the post-Higgs era. Those decays not only are directly related to CKM matrix elements, which provide a window to research CP-violation problem of the SM [1] [2] [3] [4] [5] [6] [7] [8] , but also contain the flavour-changing neutral current (FCNC) processes, which are sensitive to new physics (NP) due to it occurs at least one loop level in SM [9] [10] [11] [12] [13] .
Normally, the semileptonic D → V (ω, ρ, K * ) + ν decays can be embodied as three different sets of form factors in terms of underlying quark transitions, which are listed in Table I . For study those decays, decay width and branching fraction are the first important observations, which have been studied by BES-III [14] [15] [16] [17] [18] [19] [20] and CLEO [21] [22] [23] [24] [25] [26] collaboration extensively. For example, in 2019, BES-III collaboration measure the D → ρ ν branching fraction, i.e. B(D 0 → ρ − e + ν e ) = (1.445±0.058 stat ±0.039 syst )×10 −3 and B(D + → ρ 0 e + ν e ) = (1.860±0.070 stat ±0.061 syst )×10 −3 [17] , meanwhile they also present an improved measurement for the D → K * (892) − e + ν e branching fraction, i.e. B(D 0 → K * (892) − e + ν e ) = (2.033 ± 0.046 stat ± 0.047 syst ) × 10 −2 [18] in the same year.
It is worth noting that BES-III recently published their first measurements for the D + → ωµ + ν µ branching fraction in the year 2020, i.e. B(D + → ωµ + ν µ ) = (17.7 ± 1.8 stat ± 1.1 syst ) × 10 −4 , which is realized by applying an e + e − collision data sample corresponding to an integrated luminosity of 2.93 fb −1 collected with the BESIII detector at a center-of-mass energy of 3.773 GeV [27] .
To further systematic understanding of the D → V semileptonic, one may need to know the full angular distribution and polarization information, such as the longitudinal and transverse polarizations of the final charged lepton P L,T (q 2 ) and the final vector meson F L,T (q 2 ), the forwardbackward asymmetry A FB (q 2 ), and the lepton-side convexity parameter C F (q 2 ). But there are few theoretical research for those polarization information and even fewer experimental ones. Consider the numerous experimental and theoretical studies for that of the B-meson [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , we will study those observations for the semileptonic D → V + ν decays within the framework of QCD light-cone sum rules (LCSR).
The LCSR is one of important method for dealing with the meson semileptonic decays [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Its main strategy is to construct an analytic heavy-to-light correlator function in the whole q 2 region and then make an operator product expansion (OPE) and a hadron expression for it in the spacelike and timelike region respectively, finally combine two expressions with the help of Borel transformation to get the TFFs or HFFs. Both of TFFs and HFFs contain the information for meson semileptonic decays independently, the reason is that they can describe the [59, 60] with σ = 0, 1, 2, t respectively.
non-perturbative hadronic matrix elements of meson semileptonic decays independently. One can decompose the hadronic matrix elements by applying momentum of initial and final meson states to obtain TFFs [48] [49] [50] [51] [52] [53] [54] [55] , which will lead to a mixing of longitudinal and transverse polarization of the meson among those TFFs. Thus TFFs cannot express the polarization information of meson decay accurately.
The HFFs opened new avenues to deal with those matrix elements [56] [57] [58] . HFFs decompose it by applying the off-shell W -boson polarization vectors, which imply good polarization properties, enabling polarization tracking studies. Specifically, the longitudinal and transverse decay information can be completely separated, which is very useful for probing the longitudinal and transverse polarization separately. For example, both of the decay width of D-meson longitudinal and transverse components contain the usual TFF (A 1 (q 2 )), which means D-meson longitudinal and transverse components are interplays. While, in HFFs cases, the decay widths of D-meson longitudinal (transverse) component refer to D V,0 (q 2 ) (D V,1 (q 2 ), D V,2 (q 2 )) HFF. In addition to the above advantages, it also has some other advantages, e.g. dispersive bounds on the HFF parametrization and direct relations between the HFFs and the spin-parity quantum numbers, which are listed in Table II . More detail discussion can refer to the literature [56] [57] [58] .
The rest of the paper is organized as follows. In Section II, we introduce the physical observables for D → V (ρ, ω, K * ) + ν semileptonic decay mesons, and calculate the HFFs within the LCSR approach. In Section III, after fixing the hadron input parameters for HFFs and extrapolating those HFFs to the whole q 2 region with SSE. Then, we apply it to investigate the D → V semileptonic decay physical observables, such as decay width, branching fraction and polarizations, and also compare our results with available experimental and other theoretical predictions. Finally, we briefly summary in Section IV.
II. CALCULATION TECHNOLOGY
The D → V + ν semileptonic decay process are displayed in Fig. 1 , the detailed quarks transition can refer to the Table I . The corresponding invariant matrix element can be expressed as follows:
where fermi constant G F = 1.166 × 10 −5 GeV −2 , leptonic current L µ =ν γ µ (1 − γ 5 ) and the hadron matric element H µ = V |V µ − A µ |D with flavor-changing vector currents V µ =qγ µ c and axial-vector currents A µ =qγ µ γ 5 c.
To get accurate polarization properties of the semileptonic decay D → V + ν , one can decompose the hadron matric element H µ into the HFFs by the off-shell W -boson polarization vectors. Specifically speaking,
where the standard kinematic function λ = (t − − q 2 )(t + − q 2 ) with t ± = (m D ± m V ) 2 and * µ σ (q) represent transverse (σ = ±), longitudinal (σ = 0) or time-like (σ = t) polarization vectors. For the convenience of polarization research, two HFFs, D V,(1,2) (q 2 ), are defined by a linear combinations of the transverse helicity projection vector, i.e. (1, 2) 
The detail HFFs calculation are shown in the next subsection.
The polar angle differential decay distribution in the momentum transfer squared, which is defined by the angle between q = p D − p V and the three-momentum of the charged lepton in the rest frame, can be written as follows,
where
, and the covariant contraction pol |M| 2 can be converted to a sum of bilinear products of hadronic HFFs and leptonic helicity amplitude by applying the completeness relation for the polarization four-vectors of the process. So the total differential decay width of D → V ν can be expressed as,
with δ = m 2 /(2q 2 ), the parameter G = G 2 F /(192π 3 m 3 D ), and variable i of the summation is taken as i = 0, 1, 2. The detailed expression reads,
As we know that the total decay width can be separated into longitudinal and transverse part, i.e. Γ = Γ L + Γ T . The decay width for the vector meson longitudinal components Γ L is defined as
and the decay width for the vector meson transverse components Γ T is defined as
with the variable j of the summation is taken as j = 1, 2.
For the polarization properties of the semileptonic decay D → V + ν , one can study the longitudinal and transverse polarization firstly. Specifically, with the help of HFFs, the longitudinal P L and transverse P T polarization of the charged lepton in the final state and the longitudinal F L and transverse F T polarization fractions of the vector meson are given by:
And the forward-backward asymmetry A FB can be written as,
The lepton-side C F convexity parameters has the form,
In order to make a comparison with other approaches, we take the same approach as the paper [61] to deal with the q 2 average of those observables. Specifically, if an observables A has the form A = D x /D y , one can multiply both the numerator and denominator the phase-space factor and then integrate the two separately. The detailed expression can be written as:
with q 2 dependence phase-space factor
In order to derive LCSRs for the four HFFs i.e. D V,σ (q 2 ) with σ = 0, 1, 2, t, we first structure a two-point correlation function according to its strategies, as follows:
where the hadron vector and pseudoscalar current are
Here the T is the product of the current operator.
In the timelike q 2 region, after inserting the complete intermediate states, which has the same quantum numbers J P = 0 − with the current operatorciγ 5 u, into the hadron current of the correlation function, and further isolating the pole term of the lowest pseudoscalar D-meson, the correlation function can be read off:
Replacing the sum of higher resonances and continuum states with the dispersion integrations, the hadronic representation for the correlator Π H σ finally have the form:
where s 0 is an "internal" parameters of LCSR.
In the spacelike q 2 region, e.g. (p + q) 2 − m 2 c 0, and q 2 m 2 c − O(1GeV 2 ), one need to contract the c-quark operator by applying a free c-quark propagator:
For further OPE treatment, one need the nonlocal matrix elements, which are convoluted with the meson light-cone distribution amplitudes (LCDAs) of growing twist:
where V = ρ, ω, K * mesons and q 1 = d(s) for ρ, ω, K * mesons.
After replacing those hadronic matric elements and subtracting the contribution of the continuum spectrum by using dispersion integration, one can finish the QCD representation calculation.
In this paper, we will not consider the three-particle part due to its negligible contribution. Specifically, it is no more than 0.3% of the total TFFs, and a more detailed analysis can be obtained from our previous study [62] .
Moreover, one need to equate the two types of representation of correlator and subtract the contributions from higher resonances and continuum states. With the help of Borel transformation, the LCSR for D → V HFFs can be finally read off:
The Θ(c(u, s 0 )) is conventional step function, Θ[c(u, s 0 )] and Θ(c(u, s 0 )] are defined as
where (3) GeV is taken from the particle data group [60] . For the decay constant we take f D = 0.204 (5) for D meson, f ρ = 0.198 (7) and f ⊥ ρ = 0.160 (10) for ρ meson, f ω = 0.195(3) and f ⊥ ω = 0.145 (10) for ω meson, f K * = 0.226(28) and f ⊥ K * = 0.185(10) for K * meson [52] . The Cabibbo-Kobayashi-Maskawa matrix element |V cd | = 0.216 and |V cs | = 0.997.
A. LCDAs and D → V HFFs
Within the QCD LCSR framework, HFFs will be expressed by different twist LCDAs like TFFs, due to the same method OPE for handling correlation function. The resultant HFFs contain twist-2, twist-3, and twist-4 terms. In the following, we will discuss the associated LCDAs and parameters.
For the leading twist LCDAs, its conformal expansion can be expressed in terms of Gegenbauer polynomials, φ ,⊥ 2;V (u, µ 2 ) = φ asy (u) 1 + a n (µ 2 )C 3/2 n (ξ) .
The φ asy (u) = 6uū stand for the asymptotic DA. The φ ,⊥ 2;V (u, µ 2 ) will equals to φ asy (u) in the limit µ 2 →∝. Due to the D → V with V = ρ, ω, K * mesons HFFs were studied for the first time in order to make a comparison with other theoretical and experimental predictions, we take the twist-2,3,4
LCDAs' moments and coupling constants given by P. Ball [63] , which are calculated within SVZ QCD sum rule taken by many theoretical groups. The analytical expression and values are listed in the Appendix.
Then, there are two internal parameters, i.e. continuum threshold s 0 and Borel windows M 2 .
The former is a demarcation for the D-meson ground state and higher mass contributions. Specifically, we take the continuum thresholds s 0 (GeV 2 ) for D → V HFFs D V,0 (q 2 ), D V,1 (q 2 ), D To determine the Borel parameters for the D → V HFFs LCSRs, we adopt the following three criteria:
• We require the continuum contribution to be less than 35% of the total LCSR.
• We require all the high-twist LCDAs' contributions to be less than 15% of the total LCSR. 
for ρ, ω and K * mesons, respectively. In the following, we use the Simplified Series Expansion to do the extrapolation for the HFFs based on the analyticity and unitarity consideration. The 
where φ X The parameters a σ k can be determined by requiring the "quality" of fit (∆ V ) to be less than one, which is defined as
where t ∈ [0, 0.02, · · · , 0.58, 0.8] GeV 2 . We put the determined parameters a V,σ k in Table III, The q 2 coefficient also depresses the error of HFFs D V,(1;2) (q 2 ) for the smaller q 2 , which can be directly seen from this figure. Meanwhile, this depresses effect can be directly transmitted to the differential transversal decay width in Fig. 3 seen in the next subsection.
B. D Meson Semileptonic Decays
The HFFs extracted from the LCSRs are employed to study the D-meson semileptonic decay, i.e. the decay width, branching fractions, longitudinal and transverse polarization, forward-backward asymmetry and lepton-side convexity parameter, which is frequently used for precision test the SM and searching of new physics beyond SM. 
Decay width
In this part, we probe the decay width of D → V semilepton decay by applying the Eqs. (4), (6) and (7) . Firstly, we present the LCSR predictions for the polarization differential decay widths 1/|V cq | 2 × dΓ L /dq 2 , 1/|V cq | 2 × dΓ T /dq 2 and the total differential decay widths 1/|V cq | 2 × dΓ/dq 2 in For the central value in the Fig. 3 , we find that there is similar behavior for all of the differential 3: the LCSR predictions for the polarized differential decay widths 1/|V cq | 2 × dΓ L,T /dq 2 and the total differential decay widths 1/|V cq | 2 × dΓ/dq 2 for ρ, ω, K * mesons, in which the dashed, dotted and solid line represent the corresponding central values, and the shaded band are the squared average of all the input parameters. As a comparison, we also present the BES-III predictions.
decay width with |V cq | independent for D → V + ν semileptonic decays. Both the total differential width and transversal differential width increase first and then decrease with q 2 . The longitudinal differential width is almost unchanged in the small to middle q 2 region, while it drops sharply in the large q 2 region. Besides, the longitudinal differential width is dominant in small q 2 region, while the transversal differential width is dominant in large q 2 region. The dominant alternate points are located near the midpoint of the whole physical region, which are represented by red star in Fig. 3 , i.e q 2 mix,(ρ,ω,K * ) = (0.51, 0.54, 0.49) GeV 2 . The three figures imply that the total width decreases as the mass of the final meson increases, (i) The physically feasible region decreases from the left to right, which caused by the increasing mass of final meson;
(ii) It is decreased for the peak of the longitudinal and transversal differential width from the left to right;
(ii) The curve trend for longitudinal and transverse differential width is nearly the same.
For comparison, the central value of the total differential width of BES-III is also shown in the Fig. 3 . We find that the curve of BES-III is in agreement with our prediction in errors. But there is a significantly different for the shape of the center curve, especially for the large q 2 region. The main reason is that BES-III use the unipolar point continuation formula, while HFFs need to use the SSE formula.
Then we show the total decay widths Γ/|V cq | 2 , Γ L /|V cq | 2 and Γ T /|V cq | 2 in the Table IV . The three kinds of total decay widths are decreases as the mass of the final meson increases, which is consistent with Fig. 3 . There is also an interesting phenomenon: it is almost identical for both total decay widths Γ L /|V cq | 2 and Γ T /|V cq | 2 gaps between different decay channels. We list the ratio Γ L /Γ T for the D → V + ν semileptonic decays in the Table V . As a comparison, we also present other theoretical predictions, i.e. CCQM [61] , CQM [64] , LCSR [65] , QCDSR [66] and LQCD [67] .
All of our predictions for the ratio Γ L /Γ T agree with that of the CCQM within errors. Although the rest of the theoretical predictions are incomplete for this ratio Γ L /Γ T , again, our results are in good agreement with them within the margin of error, expect for QCDSR results.
As a further step, we calculate the branching fractions of D → V + ν by emplying τ (D 0 ) = 0.410(2) ps and τ (D + ) = 1.040 (7) ps, the results are collected in Table VI . Compared with other theoretical and Lattice [64] predictions, our results are smaller, which is more consistent with the BESIII [16] [17] [18] experiment within errors.
Polarization observations
Due to the current experimental conditions, it is difficult to measure the q 2 dependence of polarization observation. However, it is very important to study the q 2 dependence of these physical observables. On the one hand, it can facilitate the comparison among theories; on the other hand, it also provides references for experimental research on q 2 dependence and more details for exploring new physics.
We firstly show final state polarization P L,T and F L,T in the Fig. 4 .
• For the left panel, the final lepton polarization for the D → V (ρ, ω, K * ) + ν are shown and calculated by Eq. (8) . All P L,T polarizations exhibit similar behavior. In the large q 2 region, all polarizations are almost unchanged, except that P µ T rise slowly with the increase of q 2 , i.e. P L ≈ 1, P e T ≈ 0 and P e T < ∼ 0. In the low q 2 region, all P L,T polarities are singular due to the δ factor, which are clearly shown in the corresponding small graph with the logarithmic axis. We find that P e(µ) L are approximately equal to −0.4 at q 2 min = m 2 e(µ) . As q 2 increases, P e(µ) L then rapidly increases to near 1 and final remains stable. For transverse component, P e,µ T (q 2 min = m 2 e(µ) ) ≈ −0.8. As q 2 increases, P µ T rapidly increases to near 0 and then remains stable, while P e T increase rapidly and then slowly.
• For the right panel, the longitudinal F L (q 2 ) and transverse F T (q 2 ) polarization fractions of the vector meson are shown and calculated by using the Eq. (8) , which indicate the three kinds of vector ρ, ω, K * mesons have the similar behavior for both F L (q 2 ) and F T (q 2 ). At all the allowed physical region, we have F L (q 2 ) + F T (q 2 ) = 1. For the large recoil point q 2 = 0 GeV 2 , we find F L (0) = 1 and F T (0) = 0. As the q 2 increases, F L (q 2 ) monotonically decreases, and the F T (q 2 ) reverses. In addition, F L (q 2 ) is dominant in the small q 2 region, while F T (q 2 ) is dominant in the large q 2 region. The dominant alternate point is located near The current theoretical and experimental results in references are also listed as a comparison. the midpoint of the whole physical region. At the alternate point q 2 mix , we find F L = F T = 0.5 due to the relation F L (q 2 ) + F T (q 2 ) = 1.
We then plot the forward-backward asymmetry A FB and the lepton-side C F (q 2 ) convexity pa- to q 2 max = (m D − m V ) 2 . All A FB are, first down from positive value to 0 rapidly, then slowly down to the minimum value, and finally almost horizontal slowly up. A e(µ) FB = 0 is around q 2 = 0.1 GeV 2 (q 2 = 10 −4 GeV 2 ), and all A FB,max ≈ 0.5 are show in the small figure at q 2 = m 2 e (q 2 = m 2 µ ). All of these phenomena can be derived from its analytic expression Eq. (9). Therefore, one shall be especially careful when dealing with A FB in the small q 2 region, while it will be easier to study in the large q 2 region due to the relatively stable value of the A FB .
• For the right panel of Fig. 5 , we find that C F (q 2 ) ≤ 0, C F (q 2 min = m 2 e,µ ) = 0. All the C F (q 2 ) decrease sharply and then increase, and there is a singularity around low q 2 , which are exhibited in the small graph with the logarithmic axis.
The mean values of those polarization observations for the three D → V semileptonic decay channels are calculated by applying Eq. (11) and listed in Table VII . Our predictions are the same with the CCQM results within errors.
IV. SUMMARY
In this paper, D → V (ω, ρ, K * ) HFFs D V,σ with σ = 0, 1, 2, t have been studied by applying the LCSR and taking into account the LCDAs up to twist-4. The resultant LCSRs for the HFFs are arranged according to the twist structure of the final vector meson LCDAs. Those HFFs are extrapolated to the whole physics q 2 -region m 2 ≤ q 2 ≤ (m D − m V ) 2 , and then we use it to investigate the physical observables for the D → V (ρ, ω, K * ) + ν semileptonic decays.
The depression-effect for the transversal HFFs and its errors increase as q 2 decrease due to its q 2 coefficient, especially for D V,1,2 (0) = 0(±0) with V = ρ, ω, K * . This depression-effect will also be reflected in the different transverse decay width through transversal HFFs, which can be clearly seen from the Fig. 3 , we also have 1/|V cq | 2 × dΓ T V (0) = 0(±0) with V = ρ, ω, K * mesons. However, the depression-effect feature for the longitudinal part will disappear as q 2 coefficient missing. Thus, in the small q 2 region, the transverse differential decay width dominates, while in the large q 2 region, the longitudinal differential decay width dominates, and the dominant alternate point is near the midpoint of the whole physically feasible region. In addition, the decay width (transverse, longitudinal and total decay width) decreases with the increase of the mass of the final state of the meson, and the absolute change number of the transverse and longitudinal are almost the same, which can be seen from the Table IV. With the help of lifetime τ (D 0 ) and τ (D + ), we calculate the branching ratio and list it in Table VI . Our predictions are lower compared to other theories, but it fits well with BES-III.
We also investigate in detail the q 2 dependence behavior of polarization observations for D → V (ρ, ω, K * ) + ν semileptonic decays with = e, µ, which has a similar shape for different final meson and same final lepton. In the small q 2 region, all those polarization observations have a singularity due to the δ factor, which are shown in the small graph with the logarithmic axis, expect for F L,T . With the increase of q 2 , all polarization values tend to be more stable, thus the polarization dependence on q 2 is reducing. Note that F L and F T dominated the small q 2 region and the large q 2 region respectively, and the alternating points of the dominant region are around the center of the corresponding all physical regions, which roughly equates to the positions of the dominant alternating points of the transverse and longitudinal differential decay width. We also calculate the corresponding average values and list it in Table VII, which are in good agreement  TABLE VIII: The moments and couplings of vector meson twist-2,3 with CCQM within the errors.
